Introduction {#sec1}
============

The first few layers of water around DNA are critical to its structure and biological function. Dehydration can change the structure from the classic right-handed B-form to the shorter and wider A-form and the left-handed Z-form.^[@ref1]^ Furthermore, interactions of DNA strands with small molecules and proteins are mediated by the solvation structure. As such, the hydrating water molecules form an activation barrier for molecular drugs targeting the major and minor grooves of DNA, and essential biological processes such as DNA transcription involving biomolecules binding to DNA displacing the solvation shell.^[@ref2]−[@ref5]^ Consequently, DNA's hydration shell has been studied extensively with X-ray crystallography,^[@ref6]−[@ref9]^ neutron scattering,^[@ref10]^ NMR spectroscopy,^[@ref11]−[@ref13]^ electronic^[@ref14]^ and vibrational spectroscopy^[@ref15]^ and molecular dynamics (MD) simulations.^[@ref16],[@ref17]^ X-ray experiments performed at cryogenic temperatures have shown the existence of structural water molecules in particular minor groove sequences, giving notion to the presence of a spine of hydration in the DNA minor groove. NMR experiments have measured different time scales concerning the dynamics of water in the solvation structure of DNA,^[@ref12],[@ref13]^ and time-resolved fluorescence measurements have suggested evidence of slow water molecules in the hydration shell,^[@ref14]^ but the interpretation of the latter measurements has been questioned.^[@ref16]^ Recent MD simulations have shown a broad range of water dynamics in the DNA solvation structure and identified very slow water molecules in the minor groove of DNA consistent with the structural waters observed in the X-ray experiments.^[@ref17]^ To differentiate the bulk water response from the response of the relatively few hydration waters, many of the previous experimental methods have relied on cryogenic temperatures, indirect probes, dehydrated DNA, or other methods that likely disrupt the biologically relevant equilibrium hydration structure. Recently third-order vibrational spectroscopy has been used to investigate the phosphate vibrations of DNA, indirectly probing the hydration structure.^[@ref18]^ The present study focuses on directly targeting the solvation structure using second-order nonlinear vibrational spectroscopy, which is capable of probing interfacial and chiral structures in situ without relying on labels.^[@ref19]−[@ref21]^ The main idea is that if structural waters persist at room temperature, they should form an ordered, chiral, helical structure surrounding DNA. Using chiral sum-frequency generation (SFG) spectroscopy, we examine the vibrational frequencies of the hydration water molecules of two DNA sequences bound to a self-assembled monolayer under near-physiological conditions (room temperature and 100 mM NaCl solution). We indeed observe that DNA imprints its chirality on the surrounding water molecules, generating a chiral SFG water response. This confirms the existence of a DNA minor groove spine of hydration at room temperature and further shows that the chiral structure of biomolecules can be imprinted on the surrounding solvation structure.

Approach {#sec2}
========

Chiral SFG has emerged as a powerful tool for studying chiral biomolecules.^[@ref21]−[@ref28]^ SFG is a nonlinear optical method in which an infrared and a visible photon interact with the sample producing a photon with the sum of the incident frequencies (energies). Second-order nonlinear optical techniques, like SFG, require a lack of inversion symmetry under the electric dipole approximation.^[@ref19],[@ref20]^ Chiral-specific SFG spectroscopy is possible because chirality, by definition, breaks inversion symmetry. Where the chiral response in linear vibrational circular dichroism is on the order of 0.1%, the chiral SFG response can be on the same order of magnitude as the achiral SFG response.^[@ref26]^ However, as a nonlinear optical method, chiral SFG typically suffers from a relatively poor signal-to-noise ratio, making it very difficult to detect a subtle chiral solvation structure. In linear spectroscopy, the small chiral response is separated from the large achiral response by taking the difference between two large signals containing both contributions, e.g., right- and left-handed polarized light. Similarly, chiral signatures can be detected in SFG spectroscopy by taking a difference between polarization combinations, but pure chiral signals can also be obtained. SFG spectroscopy involves three light fields that can be polarized either parallel (p) or perpendicular (s) to the plane of incidence, giving rise to eight distinct polarization combinations. Polarizations are listed in descending order of photon frequency, i.e., *spp* indicated *s*-polarized SFG, *p*-polarized visible, and *p*-polarized IR beams. For a surface that is isotropic with respect to rotations within the plane (C~∞~), polarization combinations containing one or three *p*-polarized fields (*ssp*, *sps*, *pss*, and *ppp*) give rise to a signal for both chiral and achiral samples.^[@ref21],[@ref26]^ However, polarization combinations containing two *p*-polarized fields (*spp*, *psp*, and *pps*) only produce a SFG signal for chiral samples. The polarization combination *sss* cannot produce a SFG signal. A full description of achiral and chiral SFG is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00100/suppl_file/oc7b00100_si_001.pdf). Accordingly, pure chiral signals can be obtained in SFG spectroscopy, but given limitations to signal-to-noise, it is often advantageous to interfere a pure chiral with an achiral signal. This can be done by having any of the light fields linearly polarized at an odd angle, e.g., ±45°, containing both *p* and *s* polarizations. A chiral signature is then obtained by taking the difference between the +45° and −45° signals, analogously to circular dichroism.^[@ref22],[@ref24],[@ref25],[@ref27],[@ref28]^

We have recently made technical advancements improving the sensitivity and reliability of chiral SFG spectroscopy.^[@ref28]^ The chiral SFG method, illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, relies on simultaneously measuring two polarization components and rigorously calibrating the alignment through self-referencing. Here either the pure chiral and achiral SFG responses, or alternatively, the +45° and −45° polarized SFG responses, can be measured simultaneously. The blue and red arrows represent the orthogonally polarized achiral and chiral SFG signals, respectively, for a given set of incident polarizations. In the interference scheme, the orthogonal signals are first rotated by 45° by a waveplate. A beam displacer then splits the SFG signals into vertical and horizontal polarizations, containing the positively and negatively interfered achiral and chiral signals, which are then collected simultaneously. By measuring the +45° and −45° polarized SFG responses simultaneously, the difference signal is immune to laser fluctuations. Furthermore, the self-referencing approach described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00100/suppl_file/oc7b00100_si_001.pdf) corrects for any potential false chiral responses from alignment imperfections. Both these improvements facilitate measuring the weak chiral imprint onto the solvation structure of DNA.

![Incident visible (green) and infrared (red) beams produce a second-order SFG signal (blue) at the buried surface-bound DNA/water interface. The inset shows click chemistry linking the DNA to a SiO~2~-coated CaF~2~ prism. The SFG beam's polarization is rotated 45° by an achromatic waveplate (AW). The beam is then split into vertical and horizontal polarizations by a beam displacer (BD). Finally, the +45° and −45° polarized SFG responses are collected simultaneously (CCD). The difference between the measured +45° and −45° polarized SFG responses across the OH stretch region shown in the graph proves the existence of a chiral water superstructure surrounding DNA.](oc-2017-00100b_0001){#fig1}

Results {#sec3}
=======

The results presented here are the first SFG experiments focused on the water OH stretch region surrounding DNA. Previous experiments examined the CH stretch region of surface bound DNA in contact with air using chiral SFG,^[@ref25]^ showing that SFG is a sensitive probe of the structural chirality of DNA, and in contact with water using achiral SFG.^[@ref29]^ The water OH stretch vibrational frequency probed here is very sensitive to the local hydrogen-bonded network with lower vibrational frequencies corresponding to stronger hydrogen-bonded configurations.^[@ref30]^ The OH stretch of the water--air surface spans the frequency range of 3000--3800 cm^--1^, but strongly hydrogen-bonded water can exhibit lower vibrational frequencies. Within the same frequency range, the NH stretch vibrations between DNA base pairs appear as two narrower features at 3200 and 3350 cm^--1^,^[@ref15]^ but since these are orientated perpendicular to the DNA strain, they do not contribute to a net chiral superstructure. The strong difference between the *+*45°*pp* and *--*45°*pp* spectra shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} across the water OH stretch vibrational frequency region demonstrates the existence of a chiral water superstructure templated by the DNA helical structure. Chiral ordering of individual molecules in contact with small biomolecules has previously been observed in circular vibrational dichroism experiments on the water bend vibration and theoretical calculations.^[@ref31]−[@ref33]^ The present finding is the first discovery of a chiral water superstructure. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,B compares the pure chiral *spp* SFG signal and the difference spectrum taken between the *+*45*°pp* and *--*45°*pp* polarized SFG responses for two DNA duplexes with 24 alternating GC or AT base pairs. Both sequences display a chiral water structure showing that the chiral structure is not sequence specific. The chiral signatures measured by the two methods agree well, where the interference method exhibits improved signal strength.

![Chiral SFG responses for 24-base pair double-stranded DNA sequences in aqueous 100 mM NaCl. (A) and (C) show results for 24 base pair double-stranded DNA consisting of alternating guanine and cytosine bases (GCGC). (B) and (D) show results for 24 base pair double-stranded DNA strands consisting of alternating thymine and adenine bases (ATAT). (A) and (B) demonstrate the chirality of the water around both sequences through the nonzero intensity of the pure chiral *spp* (red) and in the difference between the of the *+*45*°pp* (black), and *--*45*°pp* (green) spectra. (C) and (D) compare the normalized pure achiral *ppp* (gray), pure chiral *spp* (red), and interference *+*45*°pp* - *--*45*°pp* (blue) spectra. The interference chiral spectra have greater signal-to-noise ratios than the pure chiral results, but have similar spectral shapes. Compared to the achiral spectra, the pure and interference chiral spectra are red-shifted, indicating stronger hydrogen-bonded waters. In addition, a peak at 3660 cm^--1^ in (D) indicates non-hydrogen bonded chiral water population, attributed to non-hydrogen-bonded OH's in contact with a hydrophobic surface in the ATAT minor groove.](oc-2017-00100b_0002){#fig2}

In addition to establishing the existence of a chiral water structure surrounding DNA at ambient conditions, our method facilitates characterizing the hydrogen-bonding strength of this chiral water superstructure. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C,D compares the achiral and interference chiral SFG response for the GCGC and ATAT duplexes. The achiral *ppp* spectra display a broad OH stretch band reflecting the broad range of hydrogen-bonding interactions in the solvation shell. The achiral signals contain three main features at 3200, 3400, and 3600 cm^--1^. While the 3200 and 3400 cm^--1^ features could result from inter- and intramolecular coupling between the OH vibrations as suggested for the air--water interface,^[@ref34]−[@ref37]^ for this complex system, they likely correspond to specific hydrogen-bonding interactions within the general solvation structure: the 3200 cm^--1^ band is due to water molecules orientated in the electric field from the DNA backbone charges, the 3400 cm^--1^ band is due to medium-strength hydrogen-bonded water molecules in the major and minor grooves, and the 3600 cm^--1^ band is due to weakly hydrogen-bonded water molecules in the grooves. The achiral SFG spectrum is consistent with the linear spectrum of DNA in weakly hydrated films.^[@ref15]^

Compared to the achiral spectra, the interference chiral spectra for both the (GC)~12~ and (AT)~12~ duplexes are shifted to lower frequencies while still exhibiting a broad frequency distribution. This red shift reveals that the chiral water structure around DNA is more strongly hydrogen-bonded than the general achiral solvation shell as expected due to the strong interaction of localized waters with the DNA base pairs. The chiral water structure around the (AT)~12~ duplex further displays a population of non-hydrogen-bonded OH stretch vibrations in contact with a hydrophobic structure at 3660 cm^--1^. Such non-hydrogen-bonded OH vibrations have previously been observed both at macroscopic flat hydrophobic surfaces,^[@ref38],[@ref39]^ and in the solvation shell around hydrophobic residues.^[@ref40]−[@ref42]^ The observation of non-hydrogen-bonded OH vibrations in the solvation shell of DNA is initially surprising. However, it is known that the minor groove at AT base pairs is particularly narrow.^[@ref43]^ An analysis of the sequence dependence of the minor groove width of 88 DNA crystal structures found that 82% of tetranucleotides with especially narrow minor groove widths (\<5 Å) contain three or more AT pairs.^[@ref44]^ The (AT)~12~ duplex likely has a narrower minor groove than the (GC)~12~ duplex and therefore may have more restricted waters in its minor groove. Accordingly, we attribute the non-hydrogen-bonded OH vibrations to water molecules that donate a single hydrogen-bond to a neighboring water molecule or DNA base but, due to the narrow width of the minor groove in the (AT)~12~ duplex, are not able to find another hydrogen-bonding partner. Our results thus show that the chiral water structure around DNA is a general phenomenon, while some sequence-specific fine structure exists.

Discussion {#sec4}
==========

Having observed the existence of a chiral water structure surrounding DNA, the question arises as to its origin. While the intrinsic chiral response of stereocenters dominates linear chiroptical signals, structural chirality of achiral chromophores arranged in ordered chiral structures dominates chiral SFG.^[@ref26]^ Chiral SFG has thus the unique capability of being able to isolate the response of the water molecules that adopt an overall chiral structure through the interaction with DNA.

The chiral water structure observed here is consistent with structural minor groove waters observed by other experiments. The X-ray experiments at cryogenic temperatures showed the existence of structural waters inside the minor groove of DNA around the central AATT region of the Drew--Dickerson dodecamer (CGCGAATTCGCG).^[@ref6],[@ref7]^ An idealized strand of B-DNA has a minor groove width of 5.7 Å and a major groove width of 11.7 Å. The relative size of the minor groove compared to water (3.2 Å) is consistent with the crystallographic observation of a single-file spine of hydration in the minor groove of B-DNA.^[@ref6]^ In contrast, the major groove is about twice as large as the minor groove and can accommodate 2--3 water molecules across its width. Molecular dynamics simulations have established anomalous water dynamics slowed by a factor of 10 in the minor groove, but the dynamics of major groove water is only modestly perturbed by a factor of 2.^[@ref17],[@ref45]^ These observations suggest that water in the major groove is substantially more disordered, which is likely to disrupt the chirality of the water in the major groove compared to the minor groove. Therefore, we conclude that the measured chiral signal is dominated by the water molecules in immediate contact with the DNA strands, likely in the minor groove, but a small contribution from the net alignment of major groove waters cannot be excluded experimentally. For illustrative purposes, the water structure within the minor and major grooves of the double-stranded CGCAAATTTGCG oligonucleotide from a MD simulation^[@ref46]^ are highlighted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Our results confirm the existence of structural water molecules under ambient conditions and that this is a general effect occurring for both (GC)~12~ and (AT)~12~ duplexes.

![Water structure in the minor groove (red) and major groove (blue) of the double-stranded CGCAAATTTGCG oligonucleotide in a MD simulation.^[@ref46]^ Water in the minor groove is substantially more ordered with respect to the DNA-axis than water in the major groove, which suggests that the chiral SFG measurements are selectively interrogating the minor groove spine of hydration without the use of labels.](oc-2017-00100b_0003){#fig3}

Conclusions {#sec5}
===========

The present study provides the first observation of a chiral water superstructure templated by a large biomolecule and affords a direct label-free characterization of the hydration shell structure of DNA under ambient solvated conditions. The study confirms the existence of structural water molecules and a spine of hydration in the minor groove of DNA under near-physiological conditions that has previously been observed at cryogenic temperatures. The spectroscopic results presented here further reveal that the chiral structure of DNA is imprinted on the solvation structure resulting in a chiral spine of hydration surrounding DNA. The chiral water superstructure exhibits a broad range of hydrogen-bonding strengths reflecting the large heterogeneity of the water structure and dynamics in the solvation shell of DNA. In comparison to the general achiral solvation structure, however, the chiral water structure is more strongly hydrogen-bonded.. The chiral water structure is observed for both the (GC)~12~ and (AT)~12~ duplexes, showing that the chiral spine of hydration is a general phenomenon not confined to a specific sequence. However, sequence-specific differences occur, where non-hydrogen-bonded waters are observed for the (AT)~12~ duplex, which exhibits a narrower minor groove compared to (GC)~12~. This is consistent with the idea that a narrower minor groove would confine the water more and limit availability of hydrogen-bonding partners.

The discovered chiral nature of a water superstructure provides a means for directly targeting and characterizing the hydrogen-bonding strength of water molecules in biological settings more generally. While it is not clear whether or not a chiral water superstructure could have a biological function, such as providing a nonspecific binding motif, it is known that the hydration state affects the structure and function of DNA. Changes in the hydration state can change the structure from the classic right-handed B-form to the shorter and wider A-form and the left-handed Z-form that are thought to be involved in DNA packing and transcription. Chiral SFG spectroscopy can now be used to examine how the solvation structure of DNA might transform under different hydration conditions and under interactions with salts, biomolecules, and drugs. For example, since water molecules in the minor groove of DNA can present a barrier to drug binding, the strongly hydrogen-bonded water can be monitored as the binding event occurs, thereby providing a means of elucidating a mechanism. Given the abundance of chirality in biology, this technique could provide a general label-free method for studying the local water structure in biological systems.

Methods {#sec6}
=======

10 mm × 10 mm 60° equilateral CaF~2~ prisms (Crystran) were used to improve the SFG signal strength from the buried solid--water interface compared to flat windows. A homemade Teflon flow cell housed the prisms for the SFG experiments. The CaF~2~ prisms were coated with a 125 nm thick SiO~2~ layer using an atomic layer deposition system with 110 °C plasma (Oxford Instruments ALD FlexAL). The SiO~2~ coatings were annealed at 800 °C for 30 min in a high vacuum furnace (Lindberg). A gold band was added to a section of each sample prism for normalizing the SFG signal. First, a 5 nm thick titanium adhesion layer was applied, followed by a 150 nm thick gold layer by magnetron argon sputtering through a stainless steel mask. With a skin depth of 16.2 nm for 792.5 nm light and 33.5 nm for 3400 nm light, the titanium adhesion layer does not influence the gold nonresonant SFG response. The nonresonant gold response allows collection of the infrared envelope of the SFG spectrometer.

SiO~2~-coated CaF~2~ prisms were reacted with azidomethyltrimethoxytrichlorosilane (Gelest) using a modified version of a literature gas-phase silanization procedure.^[@ref47]^ Briefly, a 2 L desiccator was dried at 140 °C for 4 h, then cooled for less than 10 min. Silane (200 μL) was added to filter paper. The filter paper and 800 mg of MgSO~4~ were placed in the desiccator. A home-built steel prism holder was placed in the desiccator above the reactants. The desiccator was evacuated for 60 s and placed in a 110 °C oven for 1 h. Deposition was verified by Fourier transform infrared spectroscopy of the azide absorbance at 2100 cm^--1^.

DNA was attached to the azide SAM using dibenzocyclooctyl copper-free click chemistry. Dibenzocyclooctyl-modified 24-base pair DNA sequences were purchased from the Keck Oligonucleotide Synthesis Resource at Yale University. The purchased sequences were alternating guanines and cytosines (XCGCGCGCGCGCGCGCGCGCGCGCG, where X = 5′-DBCO-TEG Phosphoramidite) and alternating thymines and adenines (XATATATATATATATATATATATAT) along with the unmodified complementary strands. The strained octyne-modified DNA sequences were dissolved to 60 μM concentration in phosphate buffered saline (PBS) and placed in contact with the azide SAM-modified SiO~2~-coated CaF~2~ prisms for 1 day at room temperature. The DNA-modified prisms were then rinsed with 250 mM NaCl solution to remove any nonbonded DNA. The presence of the DNA was verified by FTIR spectroscopy of the CH-stretches of the DNA and the presence of phosphate by X-ray photoelectron spectroscopy. The complementary DNA strands were dissolved in PBS solution and paired with the immobilized DNA by exposure for 1 h at room temperature. Nonbonded DNA was removed by rinsing with 250 mM NaCl aqueous solution. Azide SAMs and DNA samples were subjected to chiral SFG experiments both dry and in contact with 100 mM NaCl aqueous solution.

For these SFG experiments, a 3 mJ beam from a Ti:sapphire amplifier (Coherent, Legend Elite Duo, 793 nm, 1 kHz, 25 fs, 38 nm fwhm) pumps an OPA (OPerA Solo, Coherent) to generate mid-infrared laser pulses. To cover the breadth of the OH stretch region, the OPA is centered at eight positions (2500, 2600, 2650, 2700, 3100, 3300, 3500, and 3700 nm) with approximately 250 cm^--1^ fwhm and 30 μJ pulse energy. To combine into one spectrum, each of the eight spectra was cut off when the infrared envelope intensity (measured by gold nonresonant spectrum) was below 5% of the maximum and the intensities were added.

The infrared laser pulses were filtered (quartz broadband filter, Spectrogon) and focused at the sample at an incident angle of 65° with a pulse energy at the sample of 5 μJ. A separate 793 nm beam from the amplifier was filtered by an etalon (TecOptics, 795 nm, 0.6 nm, 10 cm^--1^). Higher and lower order Fabry-Pérot transmission fringes were filtered out with a bandpass filter (Thorlabs, 10 nm fwhm) angle-tuned to maximize throughput. The narrowband 793 nm pulse was then focused on the sample at an incident angle of 60° with a pulse energy of 5 μJ. The incident photons induce a second-order polarization that emits a photon at the sum of the incident frequencies. In order to normalize SFG signals, the infrared envelope is obtained from the shape of the nonresonant gold SFG signals in the *ppp* polarization (the only polarization with a strong nonresonant signal). The gold spectra were normalized 0 to 1 and the sample spectra were divided by the normalized gold spectra to produce normalized sample spectra.

In the interference scheme, the polarization of the SFG signal was rotated by 45° by the achromatic λ/2 waveplate (air-spaced, Eksma 467--4205). A birefringent calcite beam displacer (Thorlabs BD27) displaced the vertically polarized projection of the SFG signal in the vertical direction, while the horizontal polarization component was transmitted unaffected. The horizontal and vertical projections were then directed into a monochromator (Acton SP-2500i, Princeton Instruments, 1800 grooves/mm blazed at 500 mm) and collected simultaneously on a liquid nitrogen-cooled CCD array (Spec-10, Princeton Instruments, 1340 × 400 pixels).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.7b00100](http://pubs.acs.org/doi/abs/10.1021/acscentsci.7b00100).Theoretical background for chiral and achiral SFG spectroscopy and self-referencing results ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00100/suppl_file/oc7b00100_si_001.pdf))
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